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Abstract 

In the paper, we show that the B ^ tt transition form factor can be calculated by using the 
different approach in the different regions and they are consistent with each other in the whole 
physical region. For the i? — > vr transition form factor in the large recoil regions, one can apply the 
PQCD approach, where the transverse momentum dependence for both the hard scattering part 
and the non-perturbative wavefunction, the Sudakov effects and the threshold effects are included 
to regulate the endpoint singularity and to derive a more reliable PQCD result. Pionic twist-3 
contributions are carefully studied with a better endpoint behavior wavefunction for and we 
find that its contribution is less than the leading twist contribution. Both the two wavefunctions 
and ^ B the B meson can give sizable contributions to the i? — > vr transition form factor 
and should be kept for a better understanding of the B decays. The present obtained PQCD 
results can match with both the QCD light-cone sum rule results and the extrapolated lattice 
QCD results in the large recoil regions. 
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I. INTRODUCTION 



There are various approaches to calculate the B ^ n transition form factor, such as the 
lattice QCD technique|l|, |3[, the QCD light- cone sum rules (LCSRs) and the 



perturbative QCD (PQCD) approach[8|, 



13|. The PQCD calculation is reliable 



only when the involved energy scale is hard enough, i.e. in the large recoil regions. Due to 
the restriction to the vr energies smaller than the inverse lattice spacing, the lattice QCD 
calculation becomes more difficult in the large recoil regions and at the present, the lattice 
QCD results of the B ^ tt transition form factor are available only for soft regions, i.e. 

> IbGeV'^. The lattice QCD results can be extrapolated to small regions, and the 
different extrapolation methods might cause uncertainties about 5% 2]. While^the QCD 
LCSRs can involve both the hard and the soft contributions below < 18(jey^f4] and can 
be extrapolated to higher g^ regions 0,0,1^. Therefore, the results from the PQCD approach, 
the lattice QCD approach and the QCD LCSRs are complementary to each other, and by 
combining the results from these three methods, one may obtain a full understanding of the 
B ^ n transition form factor in its physical region, < g^ < {Mb — Mj^^ ~ 25GeV^. 

Certain exclusive process involving hadrons can be described by PQCD if the momentum 
transfer is sufficiently large. The amplitude can be factorized into the convolution of the non- 
perturbative wavefunction for each of the hadrons with a PQCD calculable hard-scattering 
amplitude. The PQCD factorization theorem has been worked out in Refs. 14 . llSlI based 



on the earlier works on the applications of PQCD to hard exclusive processes |165. In the 
present paper, we shall use the PQCD approach to calculate the B ^ n transition form 
factor in the large recoil regions. 

In the PQCD approach based on coUinear factorization theorem, a direct calculation of 
the one-gluon-exchange diagram for the B meson transition form factor suffers singularities 
from the endpoint region of a momentum fraction x —>■ 0. Because of these singularities, 
it was claimed that B —>■ n transition form factor is dominated by soft dynamics and not 
calculable in PQCD[r2|. In fact, in the endpoint region the parton transverse momenta k_L 
are not negligible. After including the parton transverse momenta, large double logarithmic 
corrections ag In^ k± appear in higher order radiative corrections and must be summed to 
all orders. In addition, there are also large logarithms In^ x which should also be summed 
(threshold resummation [isl ) . The relevant Sudakov form factors from both k± and the 
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threshold resummation can cure the endpoint singularity which makes the calculation of the 
hard amplitudes infrared safe, and then the main contribution comes from the perturbative 
regions. 

An important issue for calculating the B ^ n transition form factor is whether we need 
to take both the two wavefunctions \1/r and into consideration or simply is enough? 



In literature, many authors (see Refs. |9l. llOl did the phenomenological analysis with only 
\E'b, setting = (or strict 



has been argued in Refs. 
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speaking, ignoring the contributions from \E'b)- However, As 
0|, one may observe that the distribution amplitudes (DAs) 
of those two wavefunctions have a quite different endpoint behavior, such difference may be 
strongly enhanced by the hard scattering kernel. Even though ^b (with the definition in 
Ref.|l3|) is of subleading order contribution, there is no convincing motivation for setting 
^'b = 0. In the present paper, we shall keep both the two wavefunctions "^b and to 
do our calculations and show to what extent the ^b can affect the final results. Another 
issue we need to be more careful is about the pionic twist-3 contributions. Based on the 
asymptotic behavior of the twist-3 DAs, especially (pp^{x) = 1, most of the people pointed 
out a large twist-3 contribution jl^. 21 1 to the B ^ n transition form factor, i.e. bigger 
than that of the leading twist in almost all of the energy regions. In Ref. [2^, the authors 
have made a detailed analysis on the model dependence of the twist-3 contributions to the 
pion electro-magnetic form factor, and have raised a new twist-3 wavefunction with a better 
endpoint behavior for \I'p, which is derived from the QCD sum rule moment calculation 
And their results show that with such new form for \E'p, the twist-3 contributions to the 
pion electro-magnetic form factor are power suppressed in comparison to the leading twist 



contributions. According to the power counting rules in Ref. j21[, the pionic twist-2 and 
twist-3 contributions should be of the same order for the case of the B meson decays. With 
the new form for \E'p[22j], we show that for the case of the B ^ tt transition form factor, even 
though the twist-3 contributions are of the same order of the leading twist contributions, its 
values are less than the leading twist contribution. 

The purpose of the paper is to examine the B tt transition form factor in the PQCD 
approach, and to show how the PQCD results can match with the QCD LCSR results and the 
extrapolated lattice QCD results. In the PQCD approach, the full transverse momentum 
dependence (fcr-dependence) for both the hard scattering part and the non-perturbative 
wavefunction, the Sudakov effects and the threshold effects are included to cure the endpoint 
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singularity. In section II, based on the kr factorization formulism, we give the PQCD 
formulae for the B ^ n transition form factor in the large recoil regions. In section III, we 
give our numerical results and carefully study the contributions from and ^b, and those 
from the different pionic twist structures. The slope of the obtained form factors F^'^^lq'^) in 
the large recoil regions can match with those obtained from other approaches. Conclusion 
and a brief summary are presented in the final section. 



II. B ^TT TRANSITION FORM FACTOR IN THE LARGE RECOIL REGIONS 



First, we give our convention on the kinematics. For convenience, all the momenta are 
described in terms of the light cone (LC) variables. In the LC coordinate, the momentum 
is described in the form, k = (^, k_|_), with A;^ = /c" ± k^ and k_|_ = {k^, k"^). The scalar 
product of two arbitrary vectors A and B is, A - B = ^^-^ +a b+ _ . rjj_^g Y>^on mass 
is neglected and its momentum is chosen to be in the minus direction. Under the above 
convention, we have Pb = ^(1,1, 0^), = ^{0,r],0±) and P^ = ^{r],0,0±), with 

2 

r] = l~ TfT and q = Pb - Pn- 



B 



The two B ^ 71 transition form factors F^'^{q'^) and F^'^{q'^) are defined as follows: 
{niP^)\uj,b\B{PB)) = ((Pb + P.), - ^^^^Q,) F^-{q^) + ^^^^q,Ft{q'), (1) 

where F:^'^(0) should be equal to F(f''(0) so as to cancel the poles at = 0. 

The amplitude for the B ^ n transition form factor can be factorized into the convolution 
of the wavefunctions for the respective hadrons with the hard-scattering amplitude. The 
wavefunctions are non-perturbative and universal. The momentum projection for the matrix 
element of the pion has the following form, 

= %|j^75 ^Ax, kx)-mg75 {^%{x, k^) - ^a,. (n^n^ _ ^V(|k±) 

(2) 

where f^^ is the pion decay constant and mg is the parameter that can be determined 



by QCD sum rules |23l]. \l/^(x,k_L) is the leading twist (twist-2) wave function, \l/p(x,k_L) 
and \I'o.(a;, k_L) are sub-leading twist (twist-3) wave functions, respectively. k^) = 

d'^ a{x,'k±) / dx, n = (v/2, 0, 0_l) and n = (0, -\/2, 0_l) are two null vectors that point to 
the plus and the minus directions, respectively. The momentum projection for the matrix 
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FIG. 1: Lowest order hard-scattering kernel for B ^ tt form factor, where the cross denotes an 
appropriate gamma matrix. 



element of the B meson can be written as [12, 12 



M, 



75 > 
) af3 



(3) 



where ^ = is the momentum fraction for the hght spectator quark in the B meson 
and A(^, U) = Mb d^'i'^si^', l±) - ^^(^', U)). Note the four-component in Eq.© is 
defined through, = - ('^"'^+'""') with / = ^, U). 

In the large recoil regions, the B ^ n transition form factor is dominated by a single 
gluon exchange in the lowest order as depicted in Fig. ([[]). In the hard scattering kernel, the 
transverse momentum in the denominators are retained to regulate the endpoint singularity. 
The masses of the light quarks and the mass difference (A) between the b quark and the 
B meson are neglected. The terms proportional to k^^ or 1^^ in the numerator are dropped, 
which are power suppressed compared to other 0{Mb) terms. Under these treatment, the 
Sudakov form factor from kx resummation can be introduced into the PQCD factorization 



theorem without breaking the gauge invariance[2l|. In the transverse configuration 6-space 
and by including the Sudakov form factors and the threshold resummation effects, we obtain 
the formulae for F^'^{q^) and Ff^'^{q'^) as following. 



F of f 

—fnfBMB J d^dx J bBdbB Kdb^ a^it) x exp(-5'(x, ^, 6^, 6^; t)) 
b^) ({xri + bB) + (xri - l)^Bi^, bB) 



X St{x)St{i) 



+ ^m^{xX)- \ {l-2x)^B{iM) + 
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hi{x,C,b^,bB) 



+ 



Mb 6 



and 



a - o*B(e, + (1 + e - + 

, V Mb 



Fo'^iQ^) = -jf-UfsMl J didx j bBdbs b^^db^ as{t) x exp{-S{x,^,b^,bB;t)) 



hi{^,x,bB,b^) \, (4) 



X St{x)St{0' 



"^nix, b^)ri Uxr] + 6b) + (xr; - 1)^b{C, bs 



rrin 



+ jf%{x, 6,)((2 - 77 - 2xr7)*5(^, 6s) + v'^siL bs)) 

Mb 
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Mb 6 

^<y{x, b^) 



(77(2a; - 1)^b{C, bs) - (2 - ry)^^!^, bs)) 
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'Mr 6 
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Mn 



+ 2^*p(^, fc.) • + - 20*s(e, fes) + 77(1 - O^B(e, fcs) 



+ 2(2-77) 
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hi{^,x,bB,b^) }, 



where 



(5) 



/ii(x,^,6^, 6s) = Ko{J^xr] MBbs) 



OipB - b^)Io{^/xr] MBb^)Ko{y^ MsbB] 



h2ix,C,b^,bB) 



+9{b^ - 6b)/o(V^ MBbB)Ko{^ Msh 
bB 



K,{J^xr}MBbB) 



(6) 



2^/C^Mb 

+0(b^ - 6b)/o(v^ MBbB)Ko(y/^ MBb^) 



0{bB - 6^)7o(v^ MBb^)Ko{^ MBbB) 

(7) 



and we have set, 



B 



(8) 



The functions (Ki) are the modified Bessel functions of the first (second) kind with the 
i-th order. The angular integrations in the transverse plane have been performed. The factor 
exp(— ^(x, ^, 6^, bs', t)) contains the Sudakov logarithmic corrections and the renormalization 
group evolution effects of both the wave functions and the hard scattering amplitude, 



S{x,^,b„,bB]t) 



s{x, b^, Mb) + s{x, b^, Mb) + be, Mb) - ^ - S- 

Pl 0^ Pi Ofij 



(9) 



where i = \n{t/AQCD), bs = \n{l/bBAQCD), bn = \n{l/b^AQCD) and s{x, b, Q) is the Sudakov 
exponent factor, whose explicit form up to next-to-leading log approximation can be found 
in Ref . [iS^ . St{x) and St{^) come from the threshold resummation effects and here we take 
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a simple parametrization proposed in Refs. 

2i+2T(3/2 + c) 



Sfix) 



[x{l-x)Y 



yir(i + c) 

where the parameter c is determined around 0.3 for the present case. 



(10) 



The hard scale t in as(t) and the Sudakov form 
hard scattering parts and here we need two t-- jl3. 
scale of the virtualities of internal particles, i.e. 



'actor might be varied for the different 
2ll |. whose values are chose as the largest 



h = MAX {^Mb, 1/6., l/bs) , t2 = MAX (^Mb, 1/6., 1/6^ 



The Fourier transformation for the transverse part of the wave function is defined as 



^(x, b)=/ (i^k_Lexp (-zk_L ■ b) ^(a;,kj 

"'|k|<l/fe 



(11) 



(12) 



where \E' stands for \E'., \I'p, \E'o-, ^b, and A, respectively. The upper ed ge o f the 



integration |k_|_| < 1/6 is necessary to ensure that the wave function is soft enough 



20 



26[ 



2l|. In 



In summary, we compare the results in Eqs. ()4l5|) with those in Refs. j 
Ref. [2^, only leading twist {"^n) of the pion is discussed. Setting the twist-3 terms to zero, 
the two formulae in Eqs. ()4l5p and Ref.(20| are in agreement. In Ref. 21 1, the single B meson 
wave function \E'b is assumed and the terms of and A are neglected. And in Ref. fisj] . 
with a new definition for "^b and ^b, i-e. 



B 



B ; 



^r^ = ($+-^^), 



(13) 



both contributions from "^b and \E'b are taken into consideration, with only the terms of A 



are neglected. The momentum projector used in 



2l| for the pion is different from the 



present projector in Eq.(j2I), i.e. there is no term proportional to in Refs. jisl I21I. Except 
for these differences^, the formulae in Il3l . 211 are consistent with ours. Our results agree 

n 

with Ref . [121 , except for several minus errors that should be corrected there. 



III. NUMERICAL CALCULATIONS 

In the numerical calculations, we use 

A^^=^^ = 250Me1/, U = ISlMeV, fe = 190MeV, = 1.30GeV. (14) 

The wavefunctions in the compact parameter 6-space, \E':^(,^, 6b), \1':?(^,6b), ^71(3^,677), 
\E'p(x, 6,r) and \E'o-(x, ^tt) can be found in the appendix. The /cr-dependence has been 
kept in both the B meson and the pion wavefunctions. As has been argued in several 
papers |22, 



22l,|2^|22|, the intrinsic /cr-dependence of the wave function is important and the 
results will be overestimated without including this effect, so it is necessary to include the 
transverse momentum dependence into the wave functions not only for the B meson but also 
for the pion. As has been argued in Ref. [2^, we take ml = l.SOGeV for latter discussions, 



which is a little below the value given by the chiral perturbation theory 



30| 



The two wavefunctions and 'l'^ of the B meson shown in the appendix depend only 
on the effective mass (A = Mb — rrib) of the B meson. An estimate of A using QCD sum 
rule approach gives A = 0.57±0.07(7el^|8ll|. In Fig.Q, we show the B ^ n transition form 
factor with different value of A, where the shaded band is drawn with a broader range for 
A, i.e. A G {0AGeV,0.7GeV). And for comparison, we show the QCD LCSR result jsf in 
solid line and its theoretical error (±10%) by a fuscous shaded band in Fig.Q. The results 
show that the B tt transition form factor will decrease with the increment of A. When 
A G {0.5GeV,0.6GeV), one may observe that the present results agree well with the QCD 
LCSR results P, 3 up to ~ UGeV^. In Fig.©, for simplicity, only the QCD LCSR results 
of Ref.j^ are shown. The LCSR results in Refs.jJ,!^ are in agreement with each other even 
though they have taken different ways to improve the QCD LCSR calculation precision, i.e. 
in Ref. 0], an alternative way to do the QCD LCSR calculation is adopted in which the 
pionic twist-3 contributions are avoided by calculating the correlator with a proper chiral 



^ According to the power counting rules in Ref. j2l]| . the terms that do not existent in Ref.|2^ are defined 
as sub-leading terms in 1/Mb and are neglected accordingly. And here, we keep all the terms with care. 
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FIG. 2: PQCD results for the S ^ vr transition form factors Ff'^iq'^) (Left) and F^''{q'^) (Right) 
with different values for A. The dashed line stands for A = 0.5GeV, the dotted line stands for 
A = 0.6GeV, the upper edge of the shaded band corresponds to A = OAOGeV and the lower edge 
of the band corresponds to A = 0.70GeV . For comparison, the solid line comes from the QCD 



LCSR 



IS 



and the fuscous shaded band shows its theoretical error ±10%. 



current and then the leading twist contributions are calculated up to next-to-leading order; 
while in Ref.jsJ, the usual QCD LCSR approach is adopted and both the twist-2 and twist-3 
contributions are calculated up to next-to-leading order. In Ref. |13j], A is treated as a free 
parameter and a bigger value is adopted there, i.e. A = (0.70 ± O.OS)^^^. The main reason 
is that in the present paper, we have used an improved form (with better endpoint behavior 
than that of the asymptotic one) for the pionic twist-3 wavefunction while in Ref. jisl] . 
they took (j)p in Ref. I?! (with an endpoint behavior even worse than the asymptotic one) 
other than \i/p to do the calculations, so the value of A in Ref. 3| must be big enough to 
suppress the endpoint singularity coming from the hard kernel. For clarity, if not specially 
stated, we shall fix A to be 0.5GeV in the following discussions. 

Second, to get a deep understanding of the B ^ n transition form factor, we discuss the 
contributions from different parts of the B meson wavefunction or the pion wave function, 
correspondingly. Here we take F^'^{q^) to do our discussions and the case of F(f'^(g^) can 
be done in a similar way. In Fig.ijS^), we show the contributions from the different twist 
structures of the pion wave function, i.e. \l/7r, and '^^ (the contributions from the terms 
involving are included in \l/o-), respectively. From Fig.(jnK), one may observe that the 
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FIG. 3: PQCD results for the B ^ it transition form factor F^''{q^) with fixed A = Q.bGeV . The 
left diagram is for the different pion twist structures, ^'tt, '^p and ^'o-- The right diagram is for the 
different B meson structures, ^b-, ^ B and A, where b and ^b are defined in Eq.®. 



contribution from is the biggest, then comes that of \l/p and \l/o-. And the ratio between 
all the twist-3 contributions and the leading twist contribution is ~ 70% in the large recoil 
regions. This behavior is quite different from the conclusion that has been drawn in Refs. jl^ . 
2l|, in which they concluded that the twist-3 contribution is bigger than that of twist-2 
contribution, especially in Ref.fl^, it claimed that the twist-3 contribution is about three 
times bigger than that of twist-2 at = 0. Such kind of big twist-3 contributions are due to 
the fact that they only took the pion distribution amplitudes into consideration (or simply 
adding a harmonic transverse momentum dependence for the pion wavefunctions) , and then 
the endpoint singularity coming from the hard kernel can not be effectively suppressed, 



221, the authors have 



especially for whose DA's asymptotic behavior is 0p = 1. In Ref. 
made a detailed analysis on the model dependence of the twist-3 contributions to the pion 
electro-magnetic form factor, and have raised a new twist-3 wavefunction (as is shown in 
the appendix) with a better endpoint behavior for which is inspired from QCD sum rule 
moment calculation. With this model wave function for Ref. j22| shows that the twist-3 
contributions of the pion electro-magnetic form factor agree well with the power counting 
rule, i.e. the twist-3 contribution drops fast and it becomes less than the twist-2 contribution 
at ~ lOGe^^. For the present B meson case, according to the power counting rules in 
Ref. [2l| , the twist-3 contribution and the twist-2 contribution are of the same order, however 
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FIG. 4: PQCD results for the ^ vr form factor F^'^iq'^) with fixed A = O.bGeV, where 
and are defined in Ea.H13p. The left diagram shows the contributions from different B meson 
wavefunctions, ^b, and A, respectively. The right diagram is the distribution of the ratio 

TpBlT I _ 
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-r+ \aii 



— * versus q^. 



one may find from Fig.(j2K) that with a new form with better endpoint behavior for the 
twist-3 contribution can be effectively suppressed and then its contribution is less than the 
leading twist contribution. 

Now, we show to what extent, ^b will affect the final results. Fig.(jnb) presents the 
contributions from "^b, and A respectively, where and ^b are defined in Eq.®. 
From Fig.ijHb), one may observe that the contribution from A is quite small and can be 
safely neglected as has been done in most of the calculations. However the contribution from 
^'b is quite large, i.e. at = 0, the ratio between the contributions of ^b and \£'_b is about 
(—70%), which roughly agrees with the observation in Ref. So the negative contribution 
from ^ B can not be neglected, and it is necessary to suppress the big positive contribution 
from \1/b so as to get a more reasonable total contributions from both \1/b and ^b- The above 
results of Fig.(jnb) is obtained by using the definition Eq.(jHl). A new definition (fT!?jl for \1/b 
and ^B has been raised in Ref. 13| and the contributions from the "^b, ^b and A with such 
a new definition p3|) are shown in Fig.(@^). We draw the distribution of the corresponding 



ratio R 



Tl _ 
I*, 



versus in Fig.(j3lD), where (^F:^'^\q,^^ means that only the contributions 



from "^B are considered and yF^'^\Aiij means that all the contributions from the B meson 
wavefunctions are taken into consideration. One may observe from Fig.(@lD) that even with 
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FIG. 5: Comparison of different PQCD results for the B ^ n transition form factors F^'^ {q^ 



2ii 



(Left) and F^'^^q^) (Right). The sohd, dashed and dotted hnes are the results obtained in Ref 
and are for lob = 0.36GeV, 0.40GeV and 0.44GeV respectively. The shaded band are our present 
results with the upper edge for A = CSOGeF and the lower edge for A = O.GOGey, respectively. 
For comparison, the dash-dot line stands from the QCD LCSR result 

the new definition ()13|) for ^ b and ^ b-, the contribution from ^ b is not small (~ 25 — 40%) 
and it can not be safely neglected. Thus both \E' b and ^ b should be kept in the calculation 
for giving a better understanding of the B decays. 

Finally, we make a comparison of the present results for -F^Q(g^) with those obtained in 



Ref. 



2l| in Fig.©. In Ref. 



21[, B has been neglected and \E'b takes the form 



Nbx'^{1 — xY exp 



xM 



B 



UJbOb 



(15) 



lob / 2 

where Nb is the normalization factor and ujb is taken to be (0.40 ± 0.04:)GeV. In Fig.©, 
we show their results for ub = 0.36GeV, 0.40GeV and 0.44GeV and our present results 



with A G {0.5GeV,0.6GeV), respectively. The two results in the large recoil regions 







are consistent with each other, however one may observe that the fast rise in Ref. 



2l| has 



been suppressed in our present results and the slope of the present obtained form factors 



The main reason 
is that we have used a 



-^+'0(9'^) more consistent with the QCD LCSR results in Ref. 
for the differences between our present results and those in Ref. j21 
better endpoint behavior wavefunction for \E'p 22]. With this new form for \E'p, we find that 
the total twist-3 contributions are in fact less than (~ 70%) the leading twist contribution 
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in the large recoil regions. While in Ref. 21[, the twist-3 contributions are about two times 
bigger than that of the leading twist, especially for the bigger regions, and then the total 
contributions will give a fast rise in shape. 



IV. DISCUSSION AND SUMMARY 

In the present paper, we have examined the B tt transition form factor in the PQCD 
approach, where the transverse momentum dependence for the wavefunction, the Sudakov 
effects and the threshold effects are included to regulate the endpoint singularity and to 
derive a more reasonable result. We emphasize that the transverse momentum dependence 
for both the B meson and the pion is important to give a better understanding of the B ^ ir 
transition form factor. The pionic twist-3 contributions to the B —>■ tt transition form factor 
are carefully studied with a better endpoint behavior wavefunction for \l/p, and Fig.Q 
shows that the twist-3 contributions are of the same order of the leading twist contribution, 
however its values are less than that of the leading twist. This observation improves the 



results obtained in Refs. 
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21| , in which the asymptotic behavior for 0p was used and they 
claimed a large twist-3 contributions to the B ^ n transition form factor, i.e. bigger than 
that of the leading twist. Fig.(j2b) and Fig.Q show that both and are important, no 
matter what definition (Eq.® or Eq. ()13|l ) is chosen. Under the definition (jHl), the negative 
contribution from is necessary to suppress the big contribution from \E'b and to obtain 
a reasonable total contributions. While under the definition Eq. p3|) . the contribution from 
is power suppressed to that of \E'b, however it still can contribute 25 — 40% to the total 
contribution. As . sl^own in Fig.Q, a comparison ot onr present results for (.^) with 
those in Ref. 121] shows that a better PQCD result (with its slope closes to the QCD LCSR 
results) can be obtained by carefully considering both the pionic twist-3 contributions and 
the contributions from the two wavefunctions and ^b of the B meson. 

In the literature, the values of the B ^ n transition form factors -F^'^(O) and F^'^{0) 
are determined around 0.3. With A G {0.50GeV,0.60GeV), we obtain Ff^S(O) = 0-265 ± 
0.032. This result is consistent with the extrapolated lattice QCD result F£j^{0) = 0.27 ± 
0.11 111 and the newly obtained QCD LCSR result Ff S(O) = 0.258 ± 0.031 fl. The PQCD 
calculation are reliable only when the involved energy scale is hard enough. The lattice QCD 
calculations which presently are available only for the soft regions, i.e. > IbGeV"^. The 
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FIG. 6: PQCD results for the 5 ^ vr form factors Ff'^{q^) (Left) and F^'"{q'^) (Right). The 
shaded band are our present results with the upper edge for A = O.SOGeF and the lower edge for 
A = O.GOGey, respectively. The dashed and dotted lines stand for the QCD LCSR result Ea. ((TB|l 
and the fits to the lattice QCD results with errors 3], respectively. 



QCD LCSR can treat both hard and soft contributions with ^ ISGeV^j^ |5|] on the same 
footing. Therefore, the results from the PQCD approach, the lattice QCD approach and the 
QCD LCSRs are complementary to each other and by combining the results of those three 
approaches, one may obtain an understanding of the B ^ tt transition form factor in the 
whole physical regions. The B ^ 71 transition form factors F^'^{q^) and F^^lq"^) derived 
from QCD LCSRs can be written in the following parameterization (sl: 

F^-{q')= ^ "I, , + ^ 7, Ft{q') = - ^V^, (16) 

l-gVmf l-gVm^ 1 - gVm^gt 

where ri, r2, r^, rui, rngt and mofit are fitted parameters and can be taken asQ], ri = 0.744, 
r2 = -0.486, rs = 0.258, mi = 5.32GeV, m|t = 40.73Ge\/2 and mgg^ = SSMGeV^. 
With the parameterization Eq. lfT^ . the QCD LCSR results can be extrapolated up to the 
upper limit of g^, i.e. ~ 25GeV'^, and then it can be treated as a bridge to connect 
both the PQCD results and the lattice QCD results. In Fig.®, we show the results of 
the PQCD approach, the lattice QCD approach and the extrapolated QCD LCSR results 
defined in Eq. ljKij) . respectively. Our present PQCD results with A G {0.5GeV,0.6GeV) are 
in agreement and can match with the QCD LCSR results and the lattice QCD calculations, 
which are shown in Fig.(jni). 
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In summary, we have shown that the PQCD approach can be apphed to calculate the 
B ^ 71 transition form factor in the large recoil regions. The twist-3 contributions are less 
than the leading twist contribution with a better endpoint behavior twist-3 wavefunctions 
and both of the two wavefunctions and '^'^ of the B meson are necessary to give a deep 
understanding of the B decays, e.g. B tc transition form factor. Combining the PQCD 
results with the QCD LCSR and the lattice QCD calculations, the B ^ 71 transition form 
factor can be determined in the whole kinematic regions. 
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APPENDIX A: FORMULAE FOR THE PION AND B MESON WAVEFUNC- 
TIONS 

To do the numerical calculations, for the pion wave functions, we take 

*.,„(x.k,) = A.exp(-^i^!±^). (Al) 

where the parameters can be determined by the normalization condition of the wave function 

'dxl^^ix,k^) = l, (A2) 
I — I 

and some necessary constraints i32|i1 . And one can construct a model wave function \l/p with 
kx dependence in the following |22l|. 

kj = (1 + B^Ci'M - 2.) + (1 - 2.))-^ exp {-^j^^) . (A3) 

1 /2 1 /2 

where C2 (1 — 2x) and C4 (1 — 2x) are Gegenbauer polynomials and the coefficients Ap, 
Bp and Cp can be determined by the DA moments. In the above equations, 

m = 290MeF, p = 385MeV, (A4) 

which are derived for (k_L^) ^ {356MeVY^^. The parameters in Eg. ()A3|1 can then be 
determined as, 

= 1.187 X 10-^MeV~^, Ap = 2.841 x IQ-^MeV'^, Bp = 1.302, Cp = 0.126. (A5) 
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And for the B meson wave function, we take 



33| 



^si^,k^) = lQn'^^ei2^-OSikl-MUi2^-0), (A6) 

.3 e 



m^M) = l6n'-^^e{2^-OS{kl-MUm-0), (A7) 

with ^ = and ^ = where A is the effective mass of the B meson. 

After doing the Fourier transformation with the formula Eq. p2|l . we obtain 

'i'^,a{x,b^) = 2ttA^ exp {- gp2^^i - x) j ■Mb7Tk±)k±dk± (A8) 

^,{x, K) = f""^' . [1 + B,Cl^\l - 2x) + C,Cl'\l - 2x)] ■ 
x[l — x) 

[-WW^) ) J^^'-^-^^-dk, (A9) 

v[/^(e,6B) = 16n'^^9i2^-09il/bl - ^{2^ - mDUMshB^ m - ^)) (AlO) 
= 167r'^e{2^-m^/bl - m-i)Ml)UMBhB^Jm-0) (All) 

A(^,6b) = Mb f^dC[mC,bB)~mC,bB)] 
Jo 

= WTi'MBOil/bl - e(2e - 0M|) (m^^bV^W^) rf^'Al2) 

One may easily find that the effects of the upper limit (1/&_b) for the B meson wave functions 
are quite small (numerically less than 0.1%). This is reasonable, since the B meson mass is 
enough heavy to give a natural separation scale. 
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